Abstract A 2D boundary-element numerical simulation approach and a local slowness analysis method for an embedded array are used to quantify effects of topographic scattering on near-source energy partitioning for simple underground explosion sources. Various parameters, including free-surface models with different root mean square (rms) random topographic fluctuations and correlation lengths, source depths from 0.25 to 3 km, and Q values from 50 to infinity are included in the numerical simulations, with energy responses of different phases being determined as functions of frequency. The results reveal that for a crustal model with a relatively high surface velocity, near-source free-surface scattering provides an important coupling mechanism that can impart additional explosion energy to the Lg wave. At relatively low frequencies, and for a moderately rugged free-surface, the Rg-to-Lg transfer is quite efficient, while at higher frequencies or for a very rugged free surface, the body wave to Lg transfer may dominate the process. The Rg excitation functions, source depth, and topographic correlation length all contribute frequency dependence to the Lg excitation function. The presence of a low Q value within the uppermost crust severely attenuates the high-frequency energy transferred to the Lg wave.
Introduction
Regional seismic phases (e.g., Pn, Sn, Pg, and Lg) play an important role in global monitoring of low-yield underground nuclear tests. Numerous empirical observations have shown that regional phases hold the keys to small-event magnitude and yield estimation and to discrimination between small explosions and earthquakes (e.g., Nuttli, 1986; Taylor et al., 1989; Kim et al., 1993; Walter et al., 1995; Fisk et al., 1996; Taylor, 1996; Kim et al., 1997; Hartse et al., 1997; Taylor and Hartse, 1997; Fan and Lay, 1998a,b,c; Patton, 2001; Bottone et al., 2002; Xie, 2002) . However, building a sound physical basis for the application of the empirical relationships requires detailed knowledge of the regional phases (e.g., relative intensity and frequency dependence of different phases excited by earthquakes and explosions) and relationships linking the wave characteristics with a range of source and structure parameters. The complex excitation and energy-partitioning mechanisms yielding regional phases are difficult to empirically separate by data analysis. Thus, numerical modeling approaches are valuable for investigating excitation and propagation of regional seismic phases (e.g., McLaughlin and Jih, 1988; Xie and Lay, 1994; Jones, 1998, 1999; Wu et al., 2000a,b; Bonner, et al., 2003; Stevens et al., 2003; Myers et al., 2005; Stevens et al., 2005; Xie, Ge, and Lay, 2005; Xie, Lay, and Wu, 2005) .
Although there are continuing controversies over the relative importance of various energy-partitioning mechanisms affecting regional phases, most investigators agree that appreciable S-wave excitation for explosion sources occurs in the near-source region, reducing the performance of event discrimination approaches. Several possible near-source S-wave energy excitation mechanisms have been proposed to explain the generation of explosion Lg waves. Among these, near-source coupling between P, S, and Rg waves due to scattering at a rugged free surface may play an important role in Lg-wave excitation. This has been investigated by different authors from both observational and theoretical perspectives. From data analysis, Gupta et al. (1992 Gupta et al. ( , 2005 suggested that near-source scattering of explosion-generated Rg into S makes a significant contribution to low-frequency Lg signals. With Rg being strongly excited for very shallow explosions relative to deeper earthquakes, efficient Rg-to-Lg scattering may cause the low-frequency P=Lg ratio to fail to discriminate source type. Patton and Taylor (1995) analyzed the Lg spectral ratios from the Nevada Test Site (NTS) explosions and suggested that the Lg wave is generated by near-source scattering of Rg waves into body waves, which become trapped in the crust. Myers et al. (1999) investigated the 1997 depth of burial experiment at the former Soviet test site at Balapan, Kazakhstan. By comparing the regional and local recordings from explosions at different depths, they suggested that the data support Rg scattering as a major source of explosion S waves. Patton and Taylor (1995) and Gupta et al. (1997) introduced theoretical models of the explosion spall source to explain the observed similarity between Rg and Lg spectra. McLaughlin and Jih (1988) used finite-difference simulation to investigate topography influences on teleseismic P waveforms, and indicated possible Rg-to-P scattering due to the near-source topography. More recently, Bonner et al. (2003) and Wu et al. (2003) provided strong evidence in favor of the Rg-to-S scattering mechanism for the generation of the lowfrequency S and Lg for explosions. Stevens et al. (2005) modeled the Rg-to-Lg scattering by assuming that Lg is generated by a distribution of surface scatters. Xie, Ge, and Lay (2005) and Xie, Lay, and Wu (2005) investigated the contribution of shallow volumetric scattering to explosion-source energy partitioning and calculated the frequency-dependent Lg excitation functions. They found that the high-frequency Lg energy is mainly from P-pS-to-Lg and P-to-Lg scattering, while the low-frequency energy is mainly from Rg-to-Lg scattering. Myers et al. (2005) , using numerical simulation, investigated the effect of surface topography on the P-to-S conversion. They concluded that near-source topography and geologic complexity in the upper crust strongly contribute to the generation of S waves.
Given the existence of a rugged free surface, the actual formation and coupling between waves in the near-source region is expected to be rather complex, so it is important to study this phenomenon with the source excitation included in the model, not simply as a remote propagation effect. Scattering at the rough free surface can change the propagation direction of pP and pS waves, causing more of their energy to become trapped in the crustal wave guide to contribute to the Lg wave than would occur for a flat surface. A rugged free surface and/or shallow heterogeneity also provides coupling between surface waves and body waves. Both body-wave to surface-wave and surface-wave to body-wave scattering can occur. Multiple scattering, variable source depth, and attenuation in the shallow layers are all factors that may affect the frequency-dependent regional wave energy partitioning and these effects need to be quantified.
In this article, we use a 2D P-SV boundary-element simulation and an embedded array-slowness analysis method (Xie, Ge, and Lay, 2005) to investigate the effect of topographic scattering on explosion-source energy partitioning. Crustal models with random rough free surfaces are used in numerical simulations and frequency-dependent response functions for different source/model parameters (e. g., source depth, free-surface roughness, and intrinsic attenuation) are considered relative to the flat free-surface case. An isotropic explosion source is used throughout this article, and nonlinear effects, such as spall or cracking near the source, are not considered. The results show that surface scattering does cause coupling between the body and surface waves and can significantly influence the overall partitioning of explosion energy in the regional wave field.
Methodology
The Near-Source Strategy Because primary energy partitioning for an explosion source occurs within the near-source region, Xie, Ge, and Lay, 2005 developed a slowness analysis method that can be applied for full wave field computations to separate the problem into consideration of near-source energy partitioning effects apart from long-range propagation effects. A localized slowness analysis for an array embedded in the numerical calculation tracks the energy partitioning occurring close to the source, replacing an expensive long distance propagation calculation. Xie, Ge, and Lay, 2005 demonstrated that variations in the energy partitioning from the near-source slowness analyses for different models accurately predict variations in the surface observations of trapped phases (e. g., the Lg wave), at large range. The method has two major advantages. First, it allows analysis of the near-source processes in multiple domains, including space, time, slowness, and frequency. This allows isolation of different excitation and partitioning mechanisms within the complex near-source environment. Second, the embedded array slowness analysis method can be applied at a close range, well before the Lg wave is actually formed. This allows numerous simulations for a relatively small-scale velocity model with very fine near-source structures. Because this is a computationally efficient approach, we can investigate energy-partitioning mechanisms over a broad frequency range and a large source/ model parameter space. For models with random structural features, multiple realizations are calculated, and the results are treated statistically. Figure 1 shows the basic configuration of the calculation. Random topographic fluctuations described by an exponential power spectrum, a correlation distance, and prescribed root mean square (rms) fluctuation are used for the free surface. We use a 2D P-SV wave boundary-element method to generate synthetics seismograms for an isotropic explosion source. The boundary-element method has been proved to be an accurate wave-propagation approach when the earth model includes irregular surfaces. The synthetic seismograms are computed for an embedded vertical array of 41 × 90 receivers located between distances of 30 and 50 km and depths of 0 and 45 km (see Fig. 1 ). The synthetic seismograms from the array are processed using the slowness-analysis method.
Boundary-Element Calculation and Model Configuration

The Energy-Partitioning Formalism
For convenience, we symbolically write the near-source energy-partitioning process for an explosion source as
where E K p; f is the near-source energy partitioned to the type K wave (K can be P, S, Lg, Rg, or other wave types), p is the slowness, f is the frequency, and Sf is the spectrum of an isotropic explosion source. R K p; f is the energy response function of the near-source structure for exciting type K wave, and can be expressed as
On the right-hand side of this equation, R K F p; f is the response of a flat, homogeneous layered earth model, partitioning the source energy into different phases. The transfer function T J→K provides the J-to-K coupling, which modifies the original partitioning by moving energy from one phase to another. The second term on the right-hand side denotes energy being imparted into the K wave through coupling, and the third term denotes energy lost from the K wave to other phases. The combined effect gives the total partitioning of the energy radiated from an isotropic source into the K-wave energy distributed in slowness and frequency domains. This energy will develop into different regional phases, which propagate to remote distances. Having a complete description of the slowness distribution allows us to accurately predict energy imparted to the distant regional phases based on the near-source energy budget.
Investigating these response and transfer functions provides a way to estimate the underlying process of energy partitioning. Because of the diverse mechanisms involved, the actual near-source energy partitioning can be highly complex. Factors such as the source depth, local layered structure, attenuation, random volumetric velocity perturbations, and free-surface fluctuations all affect the partitioning. These effects often contribute to the partitioning in a coupled way, and the entire process is not necessarily linear or simply separable. In this study, we focus on the contribution from surface scattering. We use accurate numerical modeling to simulate the complex partitioning process and the slowness analysis to calculate the discrete response functions. The previously mentioned symbolic equations provide us with a basic formalism for understanding the process. The embedded-array method cannot characterize all partitioning coefficients, but is particularly well suited to characterizing relative changes in the trapped energy distribution for waves that will travel to large distances in the crustal wave guide.
Numerical Examples of Free-Surface Scattering
Space-Domain Representation of Surface Scattering Illustrated in Figure 2 are boundary-element-generated snapshots for wave fields in a model with free-surface scattering. The parameters of the three-layer velocity model are listed in Table 1 . A random fluctuation with a correlation length of 0.5 km and an rms fluctuation of 0.15 km is used for the free surface and extends between distances of 30 and 50 km. The source is located at distance 20 km and at a depth of 0.5 km. Figure 2a ,b presents horizontal and vertical displacements. In addition to familiar major phases (e.g., P, pS, and Rg) expected for a shallow explosion in a flat-earth model, scattered body and surface waves from the rough free surface are present in the wave field. The surface-to-body and body-to-body wave scattering is distributed through the entire medium following the direct waves, and the bodyto-surface and surface-to-surface wave scattering is concentrated at very shallow depths following direct waves as they graze the surface.
To isolate the scattered phases, we subtract the wave field generated for a flat surface from the wave field for the model having a rough surface, yielding the results presented in Figure 2c ,d. Most of the scattered body waves are shear waves. Because of the coupling between different wavenumbers, the scattered body waves have a very broad range of propagation directions. The horizontal component includes mostly shear waves propagating with steep dip angles that will tend to contribute to teleseismic S waves. The shear waves on the vertical component mostly have shallow angles and will contribute to crustal guided waves such as regional Lg. Although these space-domain images are instructive for understanding some aspects of the surface scattering, to fully explore the wave-propagation characteristics in the complex near-source environment, we conduct slowness analysis for these wave fields. We note that any differences in wave excitation due to model variations relative to the reference flat-surface case are captured in the differenced wave fields and may not be distinguishable from scattering effects, but statistical averaging over multiple-model realizations does tend to isolate the scattering effects.
Slowness-Domain Presentation of Surface Scattering
To quantify the scattered wave field, we transform the signal to the slowness domain. We compute wave fields for the two-layer velocity model listed in Table 2 . The random surface topographic fluctuation is located above the source and extends in both directions for 20 km. The random topography has an exponential power spectrum, and its correlation distance, a, is 0.5 km. The rms fluctuations used are 0.15 km (maximum peak-to-trough 0.625 km) and 0.3 km (maximum peak-to-trough 1.281 km). Either a shallow source (depth 0:5 km) or a deep source (depth 3:0 km) is used in the simulation. The synthetic seismograms computed across a vertical array (see Fig. 1 ) are processed using the slowness-analysis method (for details, see Xie, Ge, and Lay, 2005) . Illustrated in Figure 3 are energy distributions in a mixed horizontal slowness and depth domain, where different rows are for different combinations of source and free-surface parameters, and the successive frames in each row are for different time windows. The time progression allows ready identification of major phases. Phases such as Rg, pS, S , and trapped energy from different mechanisms are labeled in the Figure. Frequency filters can be applied to the synthetic data before conducting the slowness analysis. When this is viewed collectively, we know the energy distribution in combined domains of space, slowness, time, and frequency. Hereafter, we will call this SPTF domain characterization, with the P standing for slowness.
In Figure 3 , the solid vertical lines indicate the upper mantle S-wave slowness. Wave energy to the left of these lines has incidence angles steeper than the critical angle on the Moho, and the energy will leak to the upper mantle through multiple reflections. For wave energy to the right of these lines, total reflection will keep the energy in the crustal wave guide, ultimately forming the Lg wave at long distances (e.g., Frankel, 1989; Xie and Lay, 1994; Vogfjörd, 1997; Xie, Ge, and Lay, 2005) . Figure 3a is for a flat free surface and a relatively deep explosion source. As expected, this configuration generates neither noticeable trapped energy nor clear Rg wave. Figure 3b is for a flat free surface and a shallow explosion source. We now see the Rg wave developed at shallow depth and trapped energy originating from the S wave (Vogfjörd, 1997; Xie, Ge, and Lay, 2005) . Figure 3c is for a deeper explosion source and a free surface with 0.15-km rms fluctuation. Compared to 3a, the existence of a random free surface generates significant trapped energy from surface scattering. Although the source is located at a depth of 3.0 km, Rg energy can now be seen at shallow depth. This enhanced Rg wave comes from the freesurface scattering, which can be treated as shallow secondary sources. In Figure 3d -f, with shallower source or larger rms free-surface fluctuations, a substantial amount of trapped energy can be generated from interactions between the explosion source and the topographic fluctuations. The energy partitioned to specific regions in SPTF domain can be collected and used to estimate the energy input into different regional phases. Using different source/model parameters, the relationship between these parameters and the energypartitioning processes is investigated and the underlying mechanisms revealed.
Contributions of Free-Surface Scattering to Lg-Wave Excitation
We adopt the three-layer crust (Table 1) as our basic velocity model and add random free-surface fluctuations with Figure 3 . Slowness analysis results in the depth-slowness domain for discrete time intervals as the wave sweeps through the observing array for models with different source depths and free-surface parameters. The frequency band is between 1.5 and 4.5 Hz. All the panels are normalized in the same scale. In each small figure, the horizontal coordinate is horizontal slowness, and the vertical coordinate is depth. The thick vertical line indicates the upper mantle S-wave slowness which separates energy that leaks out of the wave guide (to the left) from energy trapped in the wave guide (to the right) that forms Lg. The P P , P S and P SM are crustal P-wave, S-wave, and upper-mantle S-wave slownesses, with the values of 0.154, 0.28, and 0:22 sec =km, respectively. different statistical parameters to this basic model. The random topography has an exponential power spectrum. It is located above the source and extends in both directions for 20 km. The model geometry is similar to that shown in Figure 1 , with a vertical array composed of 41 × 90 receivers located between distances of 30 and 50 km and depths of 0 and 45 km. To isolate the effects of individual factors, we vary individual parameters while keeping other parameters unchanged. The varied parameters are listed in Table 3 . Each model is described by a set of parameters including the rms free-surface fluctuation, the correlation length of the random power spectrum, the source depth, and the intrinsic attenuation (quality factor Q). The source depth is measured locally by taking the vertical distance between the source and the rough surface. This avoids coupled variation of depth and topographic parameters. To characterize the results statistically, we generate 10 realizations for each model. Synthetic seismograms are calculated for each realization and processed separately. We then average the measurements from individual realizations and use their mean value as the final result for a particular case.
Effect of Free-Surface Roughness
To investigate the effect of free-surface roughness on the energy partitioning, we use an infinite Q for both P and S Table 3 Source waves, a source depth of 0.5 km, a correlation length of 0.5 km, and a varied rms free-surface fluctuation between 0.0 and 0.4 km (see group 1 in Table 3 ). The slownessanalysis results are illustrated in Figure 4 with different panels for models with different rms values. A frequencydomain filter between 1.5 and 4.0 Hz was applied to the synthetic seismograms before this slowness analysis. The Rg energy can be seen at depths less than 3 km with a slowness similar to the S wave. In Figure 4a , with rms 0, the Rg wave is directly generated entirely by the explosion source. It arrives at the receiver array at between 10 and 12 sec and is labeled as direct Rg wave. The presence of a rough free surface causes scattering of different waves and redistributes their energy. As shallow secondary sources, the scattering generates scattered Rg waves, which can be observed in all time windows in panels 4b,c. The shallow energy between 8 and 10 sec is from body wave to Rg scattering, as it arrives at the receiver array earlier than the direct Rg. We label this as scattered Rg wave and use it to investigate body-to surface-wave scattering. Because of scattering attenuation, the same surface fluctuations that excite the scattered Rg can also attenuate both direct and scattered Rg, generating scattered body waves. In panels 4d,e, due to strong scattering from a very rugged free surface, both direct-and scattered-Rg waves are very weak. Using panel 4a as a reference, the trapped energy can be quantified as a function of surface roughness.
Applying SPTF processing to the slowness analysis, we can separate the energy and estimate the excitation of different phases (Xie, Ge, and Lay, 2005) . A series of band-pass filters is used to obtain responses between 1.0 and 4.0 Hz. Figure 5a -c illustrates the near-source response functions of direct Rg waves, scattered Rg waves, and Lg waves (summed trapped energy) as functions of frequency and rms surface fluctuations. The Rg-wave energy is obtained by picking energy peaks between depth 0 and 3 km and horizontal slowness 0:18-0:40 sec =km. The Lg-wave energy is picked from peaks between depths 3 and 45 km, and slowness 0:22-0:40 sec =km. The vertical coordinate is the square root of normalized energy E=E 0
1=2
, where E 0 is a normalization factor that has the same source-time function and passes through the same frequency filter as that used in the simulation. The source spectrum has been removed from the normalized energy, and the results are equivalent to the response functions in equations (1) and (2). Because E ∝ f 2 A 2 , where A is the displacement amplitude, the square root of energy can be compared to the wave amplitude after being scaled with f 1 . For the response function R Rg direct , the energy is mainly located at low frequencies and drops quickly with increasing rms values. Note that the histogram labeled with rms 0 indicates the response for the flat-earth model. The net contribution of the surface scattering to direct Rg waves can be obtained by subtracting the flat-earth response from the total response (Fig. 5d) . The generally negative values indicate the energy loss from direct Rg due to the scattering attenuation, which is proportional to the rms values. Note that a negative vertical scale is used in Figure 5d , and the prisms with solid black tops are plotted below the plane zero, while prisms with open tops are plotted above the plane. At very low rms values, the Rg wave gains some energy, which appears to be caused by body-tosurface-wave scattering providing slightly more Rg energy than the energy loss from Rg due to scattering.
The time windows of direct and scattered Rg waves partially overlap. The application of a narrow-band filter causes broadening of the Rg impulse and results in some leakage of direct Rg-wave energy into the scattered Rg time window (see first row in Fig. 5b ). By subtracting this energy, we obtain the net scattering contribution, R Rg scatt R Rg scatt F , which is shown in Figure 5e . This energy increases with increasing rms up to a moderate rms value, then decreases with further increasing rms. This suggests that small-to-moderate topographic fluctuations can excite secondary Rg waves, but a very bumpy free surface will dramatically attenuate the short-period Rg wave as a consequence of both weakened excitation and strong scattering. Both low and highfrequency scattered Rg waves can be identified. The highfrequency content falls faster with increasing rms values than its lower-frequency counterpart.
Shown in Figure 5c ,f is the Lg-wave response, R Lg (i.e., summed trapped energy in the wave guide), and net scattering contribution to Lg waves, R Lg R Lg F , respectively, as functions of surface-topography rms value. Comparing Figure 5d,f at low frequencies, the maximum scattered loss,E=E 0 1=2 , from Rg is 0.04, while the maximum scattered gain of Lg is 0.16 at rms value 0.40 km. Assuming that all scattered loss of Rg goes to Lg, there still needs to be some Lg energy contributed from other sources (e.g., body-wave scattering at the rough free surface). A broadband P wave can excite low-frequency S waves because the surface scattering serves as shallow secondary sources. Our method cannot completely disentangle the percentage of scattered Rg going into Lg, but the evidence for significant low-frequency contribution is (1) the wave field snapshot Explosion-Source Energy Partitioning and Lg-Wave Excitation (Fig. 2d) shows considerable scattered Rg going into trapped waves, (2) the spectrum shape of energy loss of Rg is similar to the energy gain of Lg (Fig. 5d,f) , and Lg energy gain shows strong source-depth dependence, as shown in the following sections. At high frequencies, Rg is weakly excited, so its scattering provides little energy for Lg waves; most of the high-frequency scattered Lg energy comes from bodywave scattering.
The Effect of Source Depth
To investigate the effect of source depth on the energy partitioning, we fix the rms free-surface fluctuation at 0.15 km, the correlation length as 0.5 km, and the source depth at between 0.25 km and 3.0 km (see group 2 of Table 3 ). The slowness analysis results are shown in Figure 6 , with each panel being for a model with a particular source depth. A prominent feature is that shallower sources generate more Rg and Lg energy. Applying the SPTF processing to the slowness analysis, we obtain energy-response spectra for different phases. Figure 7a -c presents the response functions of direct Rg, scattered Rg, and Lg waves with respect to frequencies and source depths. With increasing source depth, the Rg energy falls quickly. Shown in Figure 7d -f are the separated net contributions from the free-surface scattering obtained by subtracting the energy of the flat-earth model from that for a random free surface. For direct Rg from a shallow source, a large amount of energy is lost due to scattering. However, for deeper sources, the scattering adds a small amount of energy to the Rg wave (Fig. 7d) . The scattered Lg wave shows an apparent increase for sources shallower than about 0.5 km, which suggests a surface-wave origin. The energy budget between Figures 7d and 7f is also comparable for lower frequencies and shallower sources. For Lg waves with frequencies of 3 Hz or higher, the energy should come from body-wave surface scattering. For deeper sources, the lower frequency Lg wave is very weak, indicating that both Rg-to-Lg and body-to-Lg conversions are weak within this frequency-depth range.
The Effect of Correlation Length
To investigate the effect of correlation length on the energy partitioning, we fix the rms free-surface fluctuation as 0.15 km and the source depth at 0.5 km, but vary the correlation length between 0.4 and 10 km. These parameters are listed in group 3 of Table 3 . The slowness analysis results are shown in Figure 8 , with each panel for a model with different correlation length. The response functions of Rg, scattered Rg, and Lg waves are shown in Figure 9a -c. The horizontal coordinate is frequency, and the different rows are for different correlation lengths. From these response functions, we see that the last row (with a correlation length of 10 km) is almost the same as that for a flat-earth model. This indicates that a very smooth, long-wavelength, free-surface fluctuation has almost no effect on these waves. Figure 9d -e shows net energy loss or gain from scattering. For models with correlation length shorter than 4 km, the surface scattering apparently contributes to the generation of the trapped energy in the wave guide (Fig. 9f) . For very long correlation lengths, the random free surface behaves more like a flat free surface.
In Figure 9f , the net scattered contribution to the Lg wave, the response function falls with increase of the correlation length at all frequencies. For frequencies used in the simulation (1-4 Hz) and S-wave velocity in the top layer (3:2 km=sec), the wavelengths are between 0.8 and 3.2 km. We calculate the response as a function of normalized scale length, ka, where k 2π=λ, λ is the wave length, and a is the correlation length, and we present the behavior in Figure 10 . The maximum scattering happens around ka 1 and decreases for larger ka. Extension of the calculation to smaller ka is limited by the grid size used in the boundaryelement calculation and the dimension of the receiver array.
The Effect of Intrinsic Attenuation
Scattering from topographic fluctuations occurs in the uppermost crust, which is usually a low Q layer. In addition, the scattering increases the propagation distances, especially for high-frequency waves. Attenuation will thus strongly affect the scattering and the overall energy distribution of an explosion source. To assess the effects of shallow attenuation, we use a set of model parameters similar to that used for testing the effect of rms fluctuations, except we replace the infinite Q in the top 10 km with Q P 100 and Q S 50. These parameters are listed in group 4 of Table 3 , and the results are shown in Figure 11 . Comparing Figure 11 to Figure 5 , two prominent features can be identified. First, compared to the purely elastic case, there is significant energy loss in the model with intrinsic attenuation. For example, the maximum amplitude (square-root energy) drops approximately 35% for direct Rg waves, 35% for scattered Rg waves, and 40% for Lg waves. Second, the short-period waves experience even larger attenuation than long-period waves. This is especially true for the scattered Rg waves and the Lg waves. By using low Q values in the calculation, our results should give fairly extreme characterization of the effect of attenuation. 
Explosion-Source Energy Partitioning and Lg-Wave Excitation
Variance of Statistical Results
To obtain statistical relationships between the source/ model parameters and the energy-partitioning process, we average the measurements from individual realizations. To investigate the variance from a group of realizations with the same statistical parameters, we compare results for models with an rms value of 0.15 km, a correlation length of 0.5 km, a source depth of 0.5 km, and an infinite Q. The response functions for different phases are presented in Figure 12a -c, where the horizontal coordinates are frequency and different rows are for different realizations. The response curves for different realizations, their mean values, and the standard deviations are also shown in Figure 12d-f . The primary Rg wave is relatively stable. The scattered Rg wave has large variations at frequencies below about 2 Hz, while the Lg wave shows large variations at frequencies above 2 Hz. Although based on the same statistical parameters, response functions from different realizations show variations in amplitudes and local minima, suggesting that the partitioning is partially affected by deterministic features very close to the source.
Discussions and Conclusion
We have used the 2D P-SV boundary-element simulation and the embedded-array local-slowness analysis method (Xie, Ge, and Lay, 2005) to investigate the effect of topographic scattering on the near-source energy partitioning for an explosion source. Random topographic models with different statistical properties, variable source depth, and different Q models are investigated using numerical simulations. The responses of different phases as functions of frequency and source/model parameters are calculated and their energy budget evaluated. The source spectrum has been corrected from these response functions (following equations 1 and 2). To compare the result with the expected phase-amplitude spectrum, we can use the square root of the energy and scale the result with a factor f 1 . The results reveal that free-surface scattering has strong effect on near-source energy partitioning. The scattering process can excite the Rg wave for a moderately rugged topography, but dramatically attenuates short-period Rg waves when the surface becomes too rugged. For models with a high velocity shallow crust, the free-surface scattering provides an important mechanism that transfers energy for an explosion source into the Lg wave in the near-source region. At lower frequencies and for a moderately rugged free surface, the Rg-to-Lg transfer is relatively efficient. At higher frequencies and for a very rugged free surface, the bodyto-Lg transfer may dominate the process. The correlation length of the random free-surface fluctuation provides specific frequency dependence to the transfer function, with maximum coupling near ka 1. Intrinsic attenuation within the uppermost crust has a strong effect on the energy transfer through surface scattering, with high-frequency content losing energy faster than the lower-frequency waves.
Recent observations demonstrate that explosiongenerated shear waves have a corner frequency that scales approximately as V S =R E (Xie, 2002; Fisk, 2006) , where R E is the elastic radius and V S is the source shear velocity. These results indicate the importance of very near-source processes for the P-and S-wave energy partitioning. The results here show that several mechanisms affect the frequency dependence of the energy-response function. The Rg excitation function, source depth, correlation length, and intrinsic attenuation all impart frequency dependence to the energy transfer functions, either directly or indirectly.
Surface scattering (especially Rg-to-Lg) as a mechanism for generating regional-phase Lg signals for explosions in high velocity crust has been proposed and supported by many studies (Gupta et al., 1992; Patton and Taylor, 1995; Gupta et al.,1997; Bonner et al., 2003; Gupta et al., 2005; Myers et al., 2005; Stevens et al., 2005) . However, there is some controversy as to whether the Rg-to-Lg scatter- ing is an efficient mechanism for generating Lg waves. Hong and Xie (2005) investigated near-source slowness for Rg and Lg waves at the Balapan test site of Kazakhstan using a source-array technique. They observed that the horizontal apparent velocities are 3:0 km=sec for the Rg wave and 4:2 km=sec for the Lg wave near the source region, and they argue that these two waves must have originated differently. The current study does not serve to resolve whether the Rg-to-Lg scattering is a dominant mechanism for generating explosion Lg at Balapan, because we have not conducted a comprehensive comparison between different mechanisms. However, our numerical experiments show that the scattered Lg wave from the Rg wave will not necessarily share the same horizontal slowness (see Figs. 2 and 3 ). This is because the Rg-to-Lg scattering on a rugged free surface is highly incoherent, and there is strong coupling between different wavenumbers such that the scattered shear waves may involve very broad wavenumber content. Myers et al. (1999) investigated regional and local recordings of the 1997 Kazakhstan depth of burial experiment. They found that within a short distance (< 20 km), Rg is rapidly attenuated and the regional S phases are amplified, which suggests Rg scattering as the dominant mechanism for Lg excitation. However, they also pointed out that this phenomenon is frequency-and source-depth dependent. Numerical simulations and response functions obtained in this study are consistent with these observations. Stevens et al. (2005) designed a mode conversion method and used it to model the Rg-to-Lg scattering. They suggested that the observed Rg decay rate can be used to constrain the calculation and the result can be compared with regional Lg observations. As a comparison, the method developed here puts the rough topography explicitly into the model and directly calculates the conversion process. Patton and Taylor (1995) and Gupta et al. (1997) investigated the effects of spall on the amplitude spectra of regional seismic signals. They suggested that Lg is generated by near-source scattering of the Rg wave into trapped body waves, and a best-fit spectrum can be explained by an explosion, together with a spall source. Stevens et al. (2005) investigated a group of former Soviet explosions and performed nonlinear source calculations to interpret the observations. They found that the nonlinear calculations can be matched fairly well using linear calculations for a point explosion plus a compensated linear vector dipole (CLVD) source with half the explosion moment, with the CLVD component decreasing slowly with the increasing depth. A CLVD source will efficiently generate S waves, which can be trapped in the crust, and it will also increase Rg wave excitation, which is then available to be scattered into Lg energy through surface scattering. In this article, we focus on the role of the rough free surface in scattering of the surface and body waves into Lg energy, and we have not yet incorporated a composite source model in our simulation. However, any source that intrinsically generates more S waves and Rg waves, should increase the Lg energy. The numerical simulation and slowness-analysis methods used in this study are for 2D models. The 2D calculation affects the amplitude decay due to geometric spreading. More importantly, scattering in 2D geometry is not the same as in the 3D case. Generally speaking, near-source scattering will probably be more important for 3D cases, and partitioning of energy into the SH component can only be modeled in 3D. Considering these issues, the results presented in this article should be viewed as qualitative, documenting the basic nature of the surface scattering effects, but not the full energy partitioning. Expanding the current analysis to fully 3D models is currently ongoing and will be presented in a future publication.
